We report the development of an advanced sensor for atomic force-guided scanning Hall probe microscopy whereby both a high mobility heterostructure Hall effect magnetic sensor and an n-Al 0.4 Ga 0. 6 As piezoresistive displacement sensor have been integrated in a single III-V semiconductor cantilever. This allows simple operation in high-vacuum/variable-temperature environments and enables very high magnetic and topographic resolution to be achieved simultaneously. Scans of magnetic induction and topography of a number of samples are presented to illustrate the sensor performance at 300 and 77 K. The demonstration of p-Si atomic force microscopy ͑AFM͒ cantilevers with piezoresistive detection 1 represented a major milestone in the field of scanning probe microscopy as it allowed variable temperature atomic-resolution topographic imaging without the need for optical sensing elements with precise alignment criteria. There is much to be gained by the extension of piezoresistive detection to III-V semiconductor cantilevers since it would allow one to exploit the direct band gaps and high carrier mobilities in these materials. In particular scanning tunneling microscope ͑STM͒-guided scanning Hall probe microscopy ͑SHPM͒, 2,3 which is noninvasive and yields quantitative low-noise magnetic images, could be extended to nonconducting or electrically unconnected samples. While the use of GaAs as a piezoresistive material has been limited by its low piezoresistive coefficient, 4 the Al content of n-Al x Ga 1Ϫx As alloys can be tailored to give large piezoresistive coefficients. 5 We have recently shown that high sensitivity piezoresistive detection can be achieved using a cantilever with an n-Al 0.4 Ga 0.6 As layer as the piezoresistive sensing element. 6 Since our sensor is composed exclusively of Al x Ga 1Ϫx As alloy layers, which can be grown with almost perfect epitaxy, it allows us to realize an integrated low-noise Hall probe in a high-mobility Al 0.3 Ga 0.7 As/GaAs two-dimensional electron gas ͑2DEG͒ grown at the surface of the cantilever. Figure 1͑a͒ shows a scanning electron micrograph of a completed cantilever revealing the two primary sensors required for dual magnetic and topographic imaging. The first sensor, a Hall cross ͓inset sensor, close to the Hall probe. The entire cantilever has been fabricated from a single GaAs/AlGaAs epilayer structure ͓sketched in Fig. 1͑b͔͒ , grown by molecular beam epitaxy at 590°C. From top to bottom the stack comprises a modulation doped n-Al 0.3 Ga 0.7 As/GaAs structure forming a 2DEG ϳ100 nm from the surface which is separated from the n-Al 0.4 Ga 0.6 As piezoresistive layer by an electrical isolation region composed of two undoped GaAs layers and an Al 0.3 Ga 0.7 As/GaAs superlattice. The micromachining steps developed to realize the cantilever are reported elsewhere. 6 The performance of the cantilever as an AFM sensor can be estimated from its geometry and material properties. For the rectangular cantilever shown in Fig. 1͑a͒ the spring constant is well described by kϭ Ewt
where t is the thickness, w is the width, L is the length of the cantilever, and E is the Young's modulus in the ͓011͔ direction (Eϭ12.2ϫ10 10 Pa). 7 The fractional resistance change is given by
where ⌬z is the deflection of the cantilever tip, t r is the thickness of the piezoresistor, and L is the longitudinal piezoresistive coefficient. Using our known cantilever dimensions (Lϭ400 m, wϭ150 m, tϭ6 m, lϭ60 m, and t r ϭ0.5 m) and piezoresistive coefficient ( L ϭ1.35 ϫ10 Ϫ9 Pa Ϫ1 in n-Al 0.4 Ga 0.6 As at 300 K͒ 6, 8 we calculate that kХ15 N/m and ⌬R/(R⌬z)ϭ8.0ϫ10 Ϫ7 Å Ϫ1 . The figure-ofmerit of AFM sensor performance is the minimum detectable deflection ͑MDD͒ whose fundamental limit is set by the Johnson noise (V n ϭͱ4k B TR⌬ f ) from the piezoresistor and the three identical resistors in the Wheatstone bridge into which it is incorporated. We estimate a MDD of 0.02 Å/ͱHz at 300 K for a typical piezoresistor with resistance 25 k⍀.
The performance of the Hall probe is also determined by its dimensions and the Johnson noise limit. The x -y resolution of the sensor shown in Fig. 1͑a͒ is limited to ϳ1 m by the optical lithographic processing, although submicron probes could easily be realized by electron-beam lithography. The Johnson noise-limited minimum detectable field is given by B min ϭͱ4k B TR⌬ f /I H R H where R is the series resistance of the voltage leads, I H is the Hall current and the R H Hall coefficient. For a 1 m Hall cross, with typical values of R ϭ80 k⍀, R H ϭ3000 ⍀/T, and I H ϭ4 A at 300 K, a MDF of 3ϫ10 Ϫ6 T/ͱHz is estimated. Plots of measured noise spectra for the piezoresistor and Hall probe at 300 and 77 K are given in Figs. 2͑a͒ and 2͑b͒. At low frequencies 1/f noise dominates the response of both piezoresistor and the Hall probe, while above a corner frequency the indicated Johnson noise limit is rapidly approached. The noise figures fall abruptly when the sensor is cooled to 77 K due to the explicit temperature dependence of the Johnson noise as well as that of the piezoresistive coefficient and the resistance of the Hall probe leads.
Measurements were performed with the cantilever mounted in a low temperature STM which had been modified for AFM use. The deflection of the cantilever was measured in a Wheatstone bridge driven at 5 V dc, composed of the piezoresistor and three almost identical resistors. The output was passed through a low noise high gain amplifier and detected with a phase sensitive detector. The resonant frequency of our cantilevers ranged from 18 to 21 kHz and quality factors of 300-500 could be achieved in air (Q Ͼ10 000 under vacuum͒.
The cantilever was tested in AFM mode by scanning a patterned 100-nm-thick gold film comprising of triangles ͑side length 5 m͒ in a hexagonal array with 10 m period along a given lattice vector ͓Fig. 3͑a͒ and linescan in Fig.  3͑b͔͒ . The image was scanned in noncontact mode with the cantilever slightly inclined (1°-2°) with respect to the sample. The cantilever was oscillated close to its resonance frequency and approached towards the sample until the oscillation amplitude dropped to a predetermined value. The z motion of the scanner tube was then used to keep this amplitude constant while scanning the sample surface. Figure 3͑c͒ shows a scan of the local induction at the surface of a magnetic imaging reference sample 9 at 300 K.
The sample is a high density data storage disk with a complex bit track written on it with a repeat distance of ϳ10.5 m. Two bit tracks are clearly resolved with the expected repeat distance as illustrated in the linescan shown in Fig. 3͑e͒ . Figure 3͑d͒ is a topographic image of a small region of the same sample showing striping due to laser texturing performed prior to writing the bit track in order to smooth the film ͓see also linescan in Fig. 3͑e͔͒ . Figure 4͑a͒ shows a 77 K magnetic image of part of a 10 m period square array of 5 m superconducting YBa 2 Cu 3 O 7Ϫ␦ ͑YBCO͒ squares. The 0.35-m-thick ͑001͒ YBCO film was grown on a MgO substrate at 690°C by electron beam coevaporation of the metals. It was patterned using optical lithography and Ar ion milling, and subsequently annealed in atomic oxygen to optimize the stoichiometry. The sample was zero field cooled to 77 K when a 2.5 mT field was applied perpendicular to the film. The sensor was then scanned across the sample at a constant height of ϳ1 m. Dark areas where the YBCO squares have screened the penetration of flux are clearly resolved, and are seen more clearly in the adjacent linescan ͓Fig. 4͑b͔͒.
In conclusion we have demonstrated an advanced integrated sensor based around a III-V cantilever with piezoresistive detection, which allows one to perform AFM-guided scanning Hall Probe microscopy. In this way the unique advantages of SHPM can be extended to the imaging of nonconducting or unconnected magnetic samples. The sensor's ability to produce simultaneous topographic and magnetic images has been demonstrated. Finally, we note that our piezoresistive cantilever also allows the direct integration of other secondary III-V sensors during epitaxial growth which can further exploit the properties of direct gap semiconductors, e.g., a vertical cavity surface emitting laser or a single electron transistor.
